no cascading effects from apex predators to lower trophic levels: a loss of apex predators did not lead to higher levels of mesopredators, and this did not suppress mobile herbivores and drive algal proliferation. Likewise, we found no effects of mesopredators on lower trophic levels: a decline of mesopredators was not associated with higher abundances of algae-farming damselfishes and algae-dominated reefs. These findings indicate that top-down forces on coral reefs are weak, at least on the outer GBR. We conclude that predator-mediated trophic cascades are probably the exception rather than the rule in complex ecosystems such as the outer GBR.
Introduction
Trophic cascades occur in both terrestrial and aquatic systems (Pace et al. 1999) and result from reciprocal predator-prey interactions, which cause alternating increases and decreases in the biomass of trophic levels throughout a food web (Polis et al. 2000) . For instance, in a simple three-tiered system that includes predators, herbivores, and primary producers, the loss of predators can release herbivore populations from predation-related mortality and subsequently suppress the abundance and biomass of primary producers (Pace et al. 1999) . This 'linear' theory of simple stepwise effects has been challenged on the basis that it oversimplifies complex species interactions within food webs and ignores other factors, such as omnivory, ontogenetic changes in diet, and nutrient availability, which may affect food web dynamics (Polis and Strong 1996) .
Further analysis of trophic cascade patterns led to the discrimination between species-level and community-level cascades (Polis et al. 2000) . Species-level cascades are trophic cascades that occur in a subset of a community, affecting only a few primary producers. For example, the exclusion of birds from bilberry shrubs caused an increase in insect larval density followed by a decline in bilberry (Polis et al. 2000 ). Conversely, community-level cascades affect the biomass of an entire trophic level in the aggregate (Polis et al. 2000) . More recently, meta-analyses of trophic cascades across different ecosystems have defined the characteristics and drivers of strong trophic cascades. For instance, Shurin et al. (2002) found that trophic cascades are strongest in marine benthic communities and weakest in marine plankton and grasslands. Several factors have been identified as the drivers of such strong trophic cascades, including high system productivity (based on plant production to biomass ratios; Shurin and Seabloom 2005) , distinct metabolic requirements of organisms within a system (namely, endothermic vertebrate predators and invertebrate herbivores; Borer et al. 2005) , and high nutritional quality of primary producers (Cebrian et al. 2009) . In an applied context, trophic cascade theory is widely used across the ecological literature to identify impacts of anthropogenic disturbances to predators on the biomass of primary producers. For instance, in Yellowstone National Park, the reintroduction of wolves has limited elk foraging behaviour, which has promoted the successful re-establishment of aspen in the mesic upland steppe and riparian habitats (Ripple et al. 2001) . In addition, due to the overexploitation of oceanic fishes in western Alaska, killer whales have overhunted sea otters, allowing high densities of sea urchins to flourish, which caused severe deforestation of kelp forests (Estes et al. 1998) .
In marine environments, substantial declines in the abundance and biomass of predators have occurred worldwide (Pauly et al. 1998; Jackson et al. 2001) . The depletion of predators has been reported to cause trophic cascades in various marine ecosystems (Dulvy et al. 2004; Baum and Worm 2009) . For example, overfishing of predatory fishes in the Baltic Sea led to an increase in small-bodied predatory fish, followed by a reduction of gastropod grazers, and ultimately, this contributed to macroalgae blooms (Eriksson et al. 2009 ). Depletion of predators in marine systems can also indirectly cause cascading effects, for instance by modifying the behaviour of mesopredators and herbivores, thus altering lower level ecological interactions (Byrnes et al. 2006; Madin et al. 2010) .
On coral reefs, trophic cascades have been hypothesized to occur when overfishing apex predators triggers an increase in mesopredators, causing subsequent declines in herbivorous fishes via mesopredator release (Ritchie and Johnson 2009) . Following declines in herbivorous fishes, macroalgae and turf algae cover increase, which can reduce the cover of coral (Rasher et al. 2013 ) and crustose coralline algae (CCA) abundance (O'Leary and McClanahan 2010) via competition effects. Alternatively, direct overfishing of mesopredators may result in increases in territorial or planktivorous damselfishes due to prey release (Graham et al. 2003; Ceccarelli et al. 2006) . Coral reef mesopredator density has been negatively correlated with the abundance of territorial damselfishes (Vermeij et al. 2015) , and this can potentially influence benthic composition since territorial damselfishes propagate thick turf algae, which lowers the abundance of juvenile corals (Casey et al. 2015) , and have been linked to increases in the prevalence of coral disease (Casey et al. 2014; Vermeij et al. 2015) .
To date, very little unambiguous empirical evidence of trophic cascades in coral reef systems is available (Ferretti et al. 2010) . Several properties of coral reef food webs may weaken or inhibit trophic cascades and explain the conflicting results of different studies. Reef species have a high degree of omnivory and trophic versatility (Thompson et al. 2007) , and reefs are relatively open systems, which permit trophic interactions with the pelagic environment (Polis et al. 1997) . Consequently, coral reefs may deviate from the linear trophic chains that classical trophic cascade theory assumes. Moreover, primary productivity, consumption rates, and the dispersal of larvae or predators among reefs may mediate top-down control at the reef scale (Stier et al. 2014) . Further, experimental manipulations are not feasible across whole reef and large spatial scales, so coral reef ecologists instead must utilize natural experiments. The density and biomass of different trophic groups across management zones are the central components of these studies, and they focus on the topdown impacts of predators on lower trophic levels (Friedlander and DeMartini 2002; Sandin et al. 2008; Ruppert et al. 2013; Emslie et al. 2015) . While overfishing has been linked to apex predator declines, it has also resulted in a lower biomass of mesopredators and herbivores (the Hawaiian Islands; Friedlander and DeMartini 2002) , the domination of planktivorous fishes and algae (the Northern Line Islands; Sandin et al. 2008) , and a mesopredator release resulting in lower levels of herbivorous fishes and higher algal cover (northwest Australia; Ruppert et al. 2013) . However, in these systems, predator fishing gradients co-vary with other anthropogenic effects, such as fishing for herbivorous fishes and changes in water quality due to pollution and runoff. Here, we seek to reduce the potentially confounding influence of such factors by investigating the repercussions of predator removal on coral reef fishes and benthic composition across a spatially dispersed predator density gradient that is largely independent of other confounding factors (i.e. removal of other trophic levels and pollution).
The Great Barrier Reef (GBR), Australia, is one of the world's largest and best-protected reef systems (Russ et al. 2008) . The implementation of strictly enforced marine protected areas in the GBR conserves high abundances of apex predators (Robbins et al. 2006 ) and effectively increases mesopredator density and biomass (McCook et al. 2010; Emslie et al. 2015) . Even so, the GBR hosts an extensive line-fishery, which is comprised of hundreds of commercial ships and thousands of recreational vessels (Frisch et al. 2014) . As a result, there are strong gradients in the density of reef sharks and targeted mesopredators across fished and protected management zones (Robbins et al. 2006; Russ et al. 2008) . Two of the most abundant apex predators, the grey reef shark (Carcharhinus amblyrhynchos) and whitetip reef shark (Triaenodon obesus) have been depleted in some areas (Robbins et al. 2006) , with grey reef sharks eight to thirty times more abundant in no-entry reefs versus fished reefs and whitetip reef sharks three to four times more abundant in no-entry reefs versus fished reefs (McCook et al. 2010) . Further, there is an 82 % higher biomass of targeted mesopredators such as coral trout (Plectropomus spp.) in offshore marine protected areas compared to fished areas (Russ et al. 2008; Emslie et al. 2015) . However, there is no evidence of strong top-down effects from predatory fishes to mobile herbivorous fishes on the GBR (Rizzari et al. 2015) . Nonetheless, previous studies have not quantified the direct and/or indirect links between predators and benthic composition (corals versus algae), nor have they investigated the role of small-bodied territorial damselfishes in controlling benthic composition. Unlike many other coral reef regions, fishers on the GBR target apex predators and mesopredators almost exclusively; there are negligible fishing impacts on herbivorous fishes (Frisch et al. 2008; Taylor et al. 2012) , and the effects of the coral harvest fishery are also negligible (Harriott 2001 ). Thus, gains or losses of herbivorous fishes and coral cover along gradients of fishing pressure can be attributed to top-down effects rather than direct depletion by fishing or harvesting. Of equal importance, pollution and runoff are exceptionally low on the outer reefs of the GBR (Alongi and McKinnon 2005) . In this context, the outer GBR provides an ideal system to investigate trophic cascade theory by examining predatory fish populations and associated trophic interactions across management zones.
Thus, the overall aim of this paper is to test for an herbivore-mediated trophic cascade extending from apex predators to the coral reef benthos by determining how herbivorous fishes and benthic communities respond to a human-induced predator density gradient across management zones on the GBR. Under this trophic cascade framework, a decline in apex predators in fished areas is expected to cause an increase in mesopredators, followed by a decrease in herbivorous fishes, and finally, an increase in macroalgae and turf algae and a corresponding decline in coral and CCA cover. Alternatively, a decline in targeted mesopredators in fished areas is expected to cause an increase in territorial damselfishes, followed by an increase in turf algae and a decline in coral cover. To test these hypothesized frameworks, we examined whether the observed trophic structure on the GBR fits the ecological predictions of trophic cascade theory.
Materials and methods

Study sites
This study was undertaken on 15 spatially separated coral reefs on the outer GBR, Australia, at two distinct latitudes: the Ribbon Reefs at 14°S and the Swains Reefs at 21°S (Fig. 1 ). Data were collected between February and April (austral summer months) in 2013 and 2014. We examined three management zones designated by the GBR Marine Park Authority: (1) fished zones that are open to general use and permit fishing and collecting, (2) no-take zones that permit diving and boating activities but prohibit extractive activities (i.e. fishing), and (3) no-entry zones that are strictly enforced preservation zones that are inaccessible for all human activities. In the Ribbon Reefs, we surveyed six reefs, two per management category: Jewell and Hicks Reefs (fished), Day and Yonge Reefs (no-take), and Carter and Hilder Reefs (no-entry). While the majority of trophic surveys on the GBR only include an examination of open fishing and no-take zones (i.e. Russ et al. 2008; Emslie et al. 2015) , the inclusion of no-entry zones provides a unique opportunity to compare no-entry zones to open fishing and no-take zones. By taking into account no-entry zones, we utilize a broader, three-tiered predator density gradient to elucidate potential top-down effects on non-targeted fishes and benthic composition across management zones in the GBR. In the Swains, we surveyed nine reefs, three per management category: fished, no-take, and no-entry. Altogether, we surveyed five reefs in each management zone. At the time of the study, the duration of protection of the reefs in no-take and no-entry zones ranged from 11 to 27 years (see Online Resource Table S1 ).
Study species
To quantify apex predators, mesopredators, and herbivorous fishes on the GBR, we further split these categories into several groups. Apex predators included all reef shark species, which comprise the top trophic level on coral reefs: T. obesus, C. amblyrhynchos, C. melanopterus, and C. albimarginatus. Mesopredators were categorized as either targeted or non-targeted mesopredators, depending 1 3 on recreational and commercial fisheries (Frisch et al. 2014) . Targeted mesopredators included Plectropomus laevis, P. leopardus, Lethrinus miniatus, and Lutjanus carponotatus. Non-targeted predators included all other members of the families Lethrinidae, Lutjanidae, Serranidae, and Haemulidae, and the labrid genera Choerodon and Cheilinus. Herbivorous fishes were split into mobile herbivores and territorial grazers. Mobile herbivores included Labridae in the tribe Scarini (parrotfishes) and the families Acanthuridae, Siganidae, and Kyphosidae. Territorial grazers were composed of territorial members of the family Pomacentridae. To survey for benthic composition, corals were identified to species, macroalgae were identified to genus, and other benthic classifications included turf algae, CCA, soft coral, sponges, rubble, and sand.
Visual censuses
To assess the density and biomass of reef fishes and benthic composition, we used underwater visual censuses. Each reef was surveyed at four different sites. The study sites were on the reef slope, at a depth of 6-10 m. For the apex predator surveys, an observer conducted two 45-min timed swims at each site and recorded the abundance and estimated total length (TL) of apex predators identified to species (see Rizzari et al. 2015) . For the targeted mesopredator, non-targeted mesopredator, mobile herbivore, territorial grazer, and benthic composition surveys, three observers laid four 50 m transects at each site, with each transect at least 10 m apart. The first observer laid the 50 m transects and used 10 m-wide belt transects to record the abundance and estimated TL (to the nearest 2 cm) of adult (individuals >10 cm) targeted mesopredators, adult non-targeted mesopredators, and adult mobile herbivores identified to species (mesopredators) or family (mobile herbivores). The second observer followed the same 50 m transects, but used 2 m-wide belt transect to record the abundance of adult territorial grazers identified to species. A third observer used the point intercept method (PIT), recording the benthic composition every 50 cm along the same 50 m transects. Consequently, at each reef, there was a total of eight transects (timed swims) for the apex predator surveys and sixteen transects for all other surveys (mesopredator, mobile herbivore, territorial grazer, and benthic composition). To calculate the biomass of fishes, we used published lengthweight relationships (Kulbicki et al. 2005) and converted all values to kilograms per hectare.
Data analysis
Fit of data to a theoretical trophic cascade
To determine whether our dataset fits the theoretical predictions of our hypothesized trophic cascade, we fit two piecewise structural equation models (SEMs) to the data. By fitting multiple models to a series of response variables, SEMs have the capacity to rigorously estimate indirect effects and causal links within complex networks (Grace 2006; Duffy et al. 2015) . Piecewise SEMs incorporate several linear models into a single causal pathway analysis using directional separation (d-separation) tests (series of independence claims that statistically identify causal relationships and missing links (i.e. pathways) in a directed acyclic graph (DAG); Shipley 2009). Unlike a traditional SEM, piecewise SEMs are capable of including nested models, random effects, non-normal distributions, and are less dependent on large sample sizes . Thus, piecewise SEMs are applicable to nested ecological count data such as our dataset. We constructed the piecewise SEMs based on the theoretical framework of a coral reef trophic cascade (Fig. 2) . Specifically, we predicted an effect of management zone or protection (fished [unprotected] vs. no-take and no-entry [protected]) on fished predators (apex predators and mesopredators), which we hypothesized to cascade through to herbivorous fishes (mobile herbivores and territorial grazers) and benthic composition (corals and algae). In addition, we specified correlated error structures between apex predators and mesopredators as well as between mobile herbivores and territorial grazers since both combinations of trophic groups are subject to shared sources of variability (arising from fishing pressure/prey availability and predation pressure/prey availability, respectively). Model specifications for the first SEM included six nested mixed-effects models for the density of apex predators, targeted mesopredators, mobile herbivores, territorial grazers, corals, and algae (see Online Resource Table S2 ). We fit a second SEM, which includes all of the same mixed effects, except for using all mesopredators (targeted and non-targeted mesopredators) instead of only targeted mesopredators since the ecological impact of all mesopredators on lower trophic levels may be less dependent on fishing pressure (see Online Resource Table S3 ).
To ensure a thorough consideration of alternative hypotheses to the linear trophic cascade models, we fit five additional piecewise SEMs that differed in topology or for which the data were parsed by region. The third piecewise SEM includes targeted mesopredators and non-targeted mesopredators as separate categories since non-targeted mesopredators may undergo a release in predation (from apex predators) as well as a release in competition (from targeted mesopredators), which may lead to non-targeted mesopredators having a distinct impact on lower trophic levels in comparison to targeted mesopredators (see Online Resource Table S4 ). Further, recent studies suggest that reef sharks, which make up the apex predator category in the current study, may actually occupy a trophic level similar to that of species typically classified as mesopredators (Heupel et al. 2014; Frisch et al. 2016; Roff et al. 2016) . Therefore, the fourth piecewise SEM combines apex predators and targeted mesopredators in a single category (all targeted predators; see Online Resource Table S5 ). The fifth piecewise SEM uses the combined "all targeted predators" category as well as including non-targeted mesopredators as a separate category (see Online Resource Table S6 ). Lastly, we included two piecewise SEMs that analyse the two regions (the Ribbon Reefs and the Swains Reefs) separately to ensure that the relationships in the model are not primarily driven by regional variability (see Online Resource Tables  S7-S8 ).
To facilitate interpretation and ensure model convergence, we normalized all predictor variables to have a mean of zero and a standard deviation of one prior to running the models. We formulated these models with either the package nlme (Pinheiro et al. 2016) to fit a generalized linear model (GLM) and linear mixed-effects (LME) models or the package lme4 (Bates et al. 2015) to fit generalized mixed-effects models (GLMM). Random effects were specified as site nested within reef. We examined model assumptions, including normality of errors and homogeneity of variances, graphically. To correct for heteroscedasticity and non-normality, square-root transformations were applied to the density of apex predators, targeted/all mesopredators, mobile herbivores, and territorial grazers, and Poisson distributions were used for counts of corals and turf algae. To check the fit of square-root transformations, we assessed residual plots, which were approximately normally distributed and did not reveal deviations from homoscedasticity. When Poisson distributions were applied, model fit was assessed using Pearson Chi-squared tests. The piecewise SEM was performed with the package piecewiseSEM (Lefcheck 2015; Lefcheck and Duffy 2015) . The SEM fit was examined using the null probabilities associated with each independence claim (k) from Shipley's d-separation test. To assess whether probabilities were likely to occur by chance, the sum of the null probabilities were tested against a Chi-squared distribution with 2 k degrees of freedom, which yielded Fisher's C statistic, a value that permits the acceptance or rejection of the causal model based on statistical significance. Shipley's d-Regression coefficients for each pathway were extracted from the piecewise SEM. Partial effects plots were generated to assess the direction and magnitude of each pathway with the package effects (Fox 2003) . The software program R (R Development Core Team 2016) was used for all analyses.
Effects of region and management zones on trophic groups
To assess the effects of region (Ribbons and Swains) and management zone (fished, no-take, and no-entry; using fished as the baseline and thus the intercept parameter in the fitted models) on the densities of different trophic groups (dependent variables), we used the package nlme (Pinheiro et al. 2016 ) to fit linear mixed-effects (LME) models and the packages MASS (Venables and Ripley 2002) and glmmADMB (Fournier et al. 2012 ) to fit generalized mixed-effects models (GLMM) (see Online Resource Table S9 ). As fixed effects, we used region, management zone, and their interaction. As random effects, we used reef, site, or site nested within reef. We examined model assumptions, including normality of errors and homogeneity of variances, graphically. To correct for heteroscedasticity and non-normality, we applied square-root transformations, a log transformation, a Poisson distribution, and negative binomial distributions. To check the fit of square-root transformations and the log transformation, we assessed residual plots, which were approximately normally distributed and did not reveal deviations from homoscedasticity. After applying the Poisson and the negative binomial distributions, model fit was assessed using Pearson Chi-squared tests. To obtain global model values for the relative significance of region, management zone, and their interactions for the LME models, we used ANOVAs, which use Chi-squared comparisons of a null model against models including the respective factor. To obtain global model values for the GLMMs, we used the package aod (Lesnoff and Lancelot 2012) 
Results
Fit of data to a theoretical trophic cascade
From the first piecewise SEM including targeted mesopredators only, the d-separation tests indicated that there were no missing pathways (Online Resource Table S10 ), resulting in an acceptable global fit of the model to the data (C = 20.77, df = 16, p = 0.188) (where p > 0.05 indicates an acceptable model fit; Shipley 2009). This SEM revealed that there were only two significant pathways in the predicted direction: fished zones had a strong negative effect on apex predators (p < 0.001) and algae had a negative correlation with live coral, which, given the direct competitive nature of corals and algae on coral reefs, is an expected well-accepted relationship regardless of the predictions of trophic cascade theory (p < 0.001; Table 1 ; Fig. 2 ). Correlated error structures between apex predators and targeted mesopredators as well as between mobile herbivores and territorial grazers were significant and positive (p < 0.001 for both), suggesting shared sources of variation for both combinations of predatory and herbivorous trophic groups. Two additional pathways show a marginally non-significant (at α = 0.01) positive relationship between mobile herbivores and algae (p = 0.011) and a significant positive impact of territorial grazers on live coral (p = 0.001); however, these relationships are opposite to that predicted by the trophic cascade hypothesis tested here. Partial effect plots demonstrate the direction and magnitude of each pathway, including weak, but non-significant, links (Fig. 3 ). There were no cascading linkages throughout the trophic schematic: mesopredator density was not negatively correlated with mobile herbivore and territorial grazer densities, and herbivorous fish density was not negatively correlated with algae or positively correlated with coral density. From the second SEM, re-fitting the model with all mesopredators (targeted and non-targeted mesopredators combined) did not change the main results of the model (C = 24.38, df = 16, p = 0.081); however, the correlated error structure between apex predators and all mesopredators was non-significant, indicating that the mechanism that shapes apex predator and targeted mesopredator communities (fishing pressure) does not apply when non-targeted predators are combined with targeted mesopredators (full results in Online Resource Table S11 ). This provides circumstantial evidence in support of our hypothesis that correlated error structure reflects the effects of variation in fishing pressure among fished reefs since residual variation in apex predator and targeted mesopredator abundances are correlated with each other, but this correlation is not present with residual variation in non-targeted mesopredator abundance.
Re-fitting the model to test alternative hypotheses revealed few alternative explanations to the original trophic cascade model. From the third SEM, incorporating targeted mesopredators and non-targeted mesopredators separately in the model did not change the main results (C = 34.48, df = 24, p = 0.077), nor did the model indicate that nontargeted mesopredators have a distinct impact on lower trophic levels when considered separately from targeted mesopredators (full results in Online Resource Table S12 ). From the fourth SEM, combining all apex predators and targeted mesopredators into a single targeted predator ig. 3 Partial effect plots for each pathway in the piecewise SEM (see Table 1 ; Fig. 2) . Trend lines represent the mean fit for each pathway with all other predictor variables held constant. Whiskers (for plots in top row) and shaded areas (for plots in all other rows) represent the ±95 % confidence intervals (CIs). Rugs on the x-and y-axes indicate the occurrences of raw values, and a random jitter was applied to disentangle overlapping raw values. The y-axis of each plot was fixed at zero to facilitate the comparison of effects. Models with a Poisson error distribution and log-link function (plots in the two bottom rows) were plotted on the scale of the response. Light blue indicates significant pathways (p < 0.01) (color figure online) category provided no evidence that considering apex predators as high-level mesopredators changes the lack of evidence for trophic cascades in our system (C = 12.32, df = 12, p = 0.421; full results in Online Resource Table  S13 ). Likewise, using the singular all targeted predators category in conjunction with non-targeted predators did not reveal any evidence of trophic cascades (C = 18.19, df = 16, p = 0.313; full results in Online Resource Table  S14 ). Lastly, considering the original piecewise SEM for each region separately did not reveal any changes in the main results for the Ribbons Reefs (C = 76.23, df = 16, p = 0.582; full results in Online Resource Table S15) or the Swains Reefs (C = 14.22, df = 16, p = 0.582; full results in Online Resource Table S16 ), indicating that the biotic differences between the two regions did not obscure the detectability of potential cascading effects.
Effects of region and management zones on trophic groups
Models predicting spatial variation in fish density revealed that some groups of fishes increased in density in no-take and no-entry zones, but this was highly dependent on region ( Fig. 4a ; Online Resource Table S17; Online Resource Table  S18 ; Online Resource Table S19 ). As compared to fished zones, apex predator density was significantly higher in no-entry zones in both the Ribbons and the Swains. In the Ribbon Reefs, the density of apex predators was approximately fourfold (4.27 ± 1.62; 95 % confidence interval (CI) based on raw values) higher in no-entry zones as compared to fished zones, and in the Swain Reefs, the density of apex predators was approximately twofold (1.73 ± 0.60; 95 % CI based on raw values) higher in no-entry zones as compared to fished zones. However, targeted and non-targeted mesopredator density was higher in no-take zones only in the Swains, and mobile herbivore density was higher in only no-entry zones in the Swains. The density of territorial grazers exhibited an interaction between region and management zone; they were lower in no-entry zones in the Ribbons (although this effect was non-significant) and higher in no-entry zones in the Swains (Online Resource Table  S17 ). With the exception of fished and no-entry zones for apex predators, region had a significant impact on the density of fishes across management zones (Online Resource  Table S18 ). For fish density, strong regional effects include (on average across reefs, comparing Ribbons to Swains): an approximately 14-fold (14.74 ± 3.50; 95 % CI based on raw values) higher density of targeted mesopredators in the Swains, twofold (2.42 ± 0.43; 95 % CI based on raw values) higher density of non-targeted mesopredators in the Ribbons, threefold (2.79 ± 0.28; 95 % CI based on raw values) higher density of mobile herbivores in the Ribbons, and twofold (1.91 ± 0.17; 95 % CI based on raw values) higher density of territorial grazers in the Ribbons (Online Resource Table  S17 ). Likewise, global model values show that region has a significant effect on the density of all fish trophic groups; however, only apex predators were significantly impacted by management zone (Online Resource Table S19 ). Back-transformed values (±SE) from LME models of fish (a) density (number/ha) and (b) biomass (kg/ha) for the two geographic regions (Ribbon Reefs and Swain Reefs) across fished, no-take, and no-entry management zones (per management zone: n = 16 for apex predators in the Ribbons, n = 32 for apex predators in the Swains, n = 32 for all other trophic groups in the Ribbons, n = 48 for all other trophic groups in the Swains). Asterisks indicate significant values (p < 0.05), which represent tests of the null hypothesis that the relevant treatment differs from fished zones from each respective region Similarly, fish biomass increased for some groups of fishes in no-take and no-entry zones, but this was also highly dependent on region ( Fig. 4b ; Online Resource Table S18; Online Resource Table S19; Online Resource  Table S20 ). In the Ribbons, the biomass of apex predators was approximately fivefold (4.52 ± 2.39; 95 % CI based on raw values) higher in no-entry zones as compared to fished zones, but in the Swains, there was no significant difference in the biomass of apex predators. Targeted mesopredator biomass was higher only in no-take zones in the Swains. Non-targeted mesopredator biomass was higher in no-take and no-entry zones in the Swains. Mobile herbivores were only higher in no-entry zones in the Swains. Territorial grazer biomass was lower in no-entry zones in the Ribbons (Online Resource Table S20 ). Again, region had a significant effect across management zones for fish biomass, with the exception of fished and no-take zones for apex predators, no-take zones for non-targeted mesopredators, and noentry zones for territorial grazers (Online Resource Table  S18 ). For apex predators in no-entry zones, there was an approximately twofold (2.33 ± 0.89; 95 % CI based on raw values) higher biomass in the Ribbons compared to the Swains. As reported for fish density, similar strong regional effects prevailed for fish biomass (on average across reefs, comparing Ribbons to Swains): there was an approximately eightfold (8.11 ± 2.98; 95 % CI based on raw values) higher biomass of targeted mesopredators in the Swains, twofold (1.82 ± 0.49; 95 % CI based on raw values) higher biomass of non-targeted mesopredators in the Ribbons, threefold (3.21 ± 0.62; 95 % CI based on raw values) higher biomass of mobile herbivores in the Ribbons, and twofold (1.74 ± 0.12; 95 % CI based on raw values) higher biomass of territorial grazers in the Ribbons (Online Resource Table S20 ). Likewise, global model values show that region has a significant effect on the biomass of all fish trophic groups, and apex predators, targeted mesopredators, and herbivores were significantly impacted by management zone (Online Resource Table S19 ).
Unlike the fish results, the benthic models revealed that management zones had no significant impact on benthic composition, and region had a limited effect on overall benthic composition ( Fig. 5 ; Online Resource Table S18;  Online Resource Table S19; Online Resource Table S21 ). There was a significant effect of region on no-take and noentry zones for CCA as well as for rubble and sand, with CCA having an approximately eightfold (7.63 ± 2.82; 95 % CI based on raw values) higher density in the Ribbons compared to the Swains, while rubble and sand had an approximately fourfold (3.84 ± 0.79; 95 % CI based on raw values) higher abundance in the Swains compared to the Ribbons (Online Resource Table S18; Online Resource  Table S21 ). Similarly, global model values show that region has a significant effect on CCA as well as rubble and sand; however, there were no significant effects of zone on any of the benthic groups (Online Resource Table S19 ).
Discussion
Despite a fourfold (4.27 ± 1.62; 95 % CI based on raw values) gradient in the density of apex predators (from a low of 1.4 sharks per hectare in fished zones in the Ribbons to a high of 5.98 sharks per hectare in no-entry zones in the Ribbons) and a 38-fold (38.22 ± 22.14; 95 % CI based on raw values) gradient in the density of targeted mesopredators (from a low of 5.63 targeted mesopredators per hectare in fished zones in the Ribbons to a high of 215 targeted mesopredators per hectare in no-take zones in the Swains), there was no evidence for cascading effects to lower trophic levels, including mobile herbivores, territorial grazers, and benthic composition in the world's largest coral reef system. The density and biomass of mesopredators and herbivorous fishes were highly dependent on region, and less so on management zone, with only the density of apex predators and targeted mesopredators increasing in protected areas in both regions. However, we found no evidence of mesopredator release or prey release, and there was no correlation between the densities of predators and herbivorous fishes. Further, fish assemblages and management zones had little effect on benthic composition, although there were some differences in benthic assemblages between the northern and southern regions. Our results are Fig. 5 Back-transformed values (±SE) from LME models and GLMMs of benthic composition (number/50 m) for the two geographic regions (Ribbon Reefs and Swain Reefs) across fished, notake, and no-entry management zones (per management zone: n = 32 in the Ribbons, n = 48 in the Swains). Asterisks indicate significant values (p < 0.05), which represent tests of the null hypothesis that the relevant treatment differs from fished zones from each respective region largely consistent with recently published distributions of apex predators, targeted mesopredators, and herbivorous fishes on the GBR (Rizzari et al. 2015) . Similarly, despite increased biomass and densities of targeted mesopredators in no-take zones as compared to fished zones, non-targeted members of the fish assemblage and hard coral cover did not reveal clear patterns across management zones (Emslie et al. 2015) . The regional variations in fish and benthic assemblages and the inconsistency of our results with trophic cascade theory via a herbivore-pathway highlight the importance of considering environmental factors associated with geographic region and oceanic productivity in marine trophic interactions alongside human impacts such as fishing (Salomon et al. 2010; Taylor 2014; Jouffray et al. 2015; Williams et al. 2015a, b) .
Our application of a structural equation model directly tests trophic cascade theory, demonstrating that apex predators and targeted mesopredators have minimal top-down effects across management zones on the outer GBR. These findings contrast with previous examples of putative humaninduced trophic cascades on coral reefs. Whereas we found that the removal of predators by fishing had no cascading effects on fish or benthic assemblages, previous work has suggested that the loss of predators is associated with cascading effects to lower trophic levels (Sandin et al. 2008; Ruppert et al. 2013) . Consistent with our results, fishinginduced declines in apex predators and mesopredators in the Line Islands did not affect the overall density of herbivorous fishes (Sandin et al. 2008) . Conversely, while Sandin et al. (2008) attributed a reduction in predation to a 60-fold increase in the biomass of territorial damselfishes as well as an increase in planktivorous fish density and macroalgae and turf algae cover, we found no relationship between predator density and territorial damselfishes and a positive relationship between territorial damselfishes and coral cover on the outer GBR. The coexistence of territorial damselfishes with high coral cover may be attributed to the comparatively light farming behaviours of territorial damselfishes on the reef slope and the high territorial turnover rates of damselfishes on exposed reefs, which may alleviate the negative effects of algal farming behaviours and permit recovery phases for corals (Casey et al. 2015) . Unlike the GBR, predator fishing in the Line Islands co-varies with other human impacts such as the extraction of herbivorous fishes, pollution, and runoff, which may account for the discrepancy between these studies. In another recent study in northwestern Australia, Ruppert et al. (2013) suggested that a threefold higher density of apex predators on non-fished versus fished reefs resulted in a lower density of mesopredators and a higher density of herbivorous fishes due to mesopredator release, which differs from our results. This difference could be due to extensive fishing pressure across many trophic levels [including the extraction of predators, herbivorous fishes, sea cucumbers (Holothuroidea spp.), and top snails (Trochidae spp.)] from northwestern Australia, which likely confounds the effects of predator removal from this system. In that study, region is also confounded with fishing pressure since the protected reefs are all in one reef system, and fished reefs are all located in a different system that is spatially separated by three degrees latitude. That design contrasts with the GBR, which makes possible a study design that includes spatially interspersed, replicate protected and fished reefs within the different regions.
Global trends of herbivorous fish densities also reveal a contrasting pattern to our results: in a global meta-analysis of fishing effects on herbivorous fishes, significant reductions in the biomass of mobile herbivores were reported in fished areas, while territorial grazers increased in density and biomass under fishing pressure (Edwards et al. 2014) . Again, in the majority of regions included in this meta-analysis, such as the Caribbean and the South Pacific Islands, extensive fishing for herbivorous fishes and pollution likely co-vary with effects of predator removal on coral reefs. In contrast, our analysis of how marine protected areas affect fish and benthic communities excludes confounding factors such as the extraction of other trophic levels, pollution, and runoff, permitting a more targeted assessment of trophic cascade theory on coral reefs. Our findings demonstrate the importance of distinguishing between fishing-induced trophic cascades that are solely instigated by the loss of predators rather than broader anthropogenic-induced ecosystem collapse on coral reefs, which is often due to a multitude of factors in addition to fishing pressure. However, given the high variability of environmental and biological factors such as productivity, habitat complexity, and species richness on coral reefs, the detectability of trophic cascades may significantly differ among geographically distinct reef systems (Salomon et al. 2010; Edwards et al. 2010; Williams et al. 2015a) .
This study reveals substantial differences in fish assemblages between the two regions, with a higher density and biomass of targeted mesopredators in the Swains and a higher density and biomass of non-targeted mesopredators, mobile herbivores, and territorial grazers in the Ribbons. Regional effects may exist due to differences in environmental conditions such as nutrient input and reef geomorphology across the GBR (Hutchings et al. 2008) or biophysical factors (i.e. sea surface temperature, wave energy, system productivity; Williams et al. 2015a) . In a post hoc evaluation of nutrient availability on the reefs included in this study (Online Resource Table S22 ), we found no difference in nutrient availability among the management zones (ANOVA: F (2,12) = 0.64, p = 0.544) or between the regions (paired two-tailed t test: t = −1.207, df = 12.971, p = 0.249). Another regional factor may be the heterogeneous effects of stochastic disturbance events such as cyclones and bleaching events (Jouffray et al. 2015) . According to a long-term monitoring program across the GBR, there have been no changes in coral cover attributed to specific disturbance events between 1986 and 2004 in the Ribbon Reefs; conversely, in the outer Swain Reefs, recurrent crown-of-thorns starfish (Acanthaster planci) outbreaks in 1991 and 2001-2004 have caused severe declines in branching coral cover, especially Acropora spp. (Sweatman et al. 2011) . Declines in acroporid cover, and thus habitat complexity, are associated with the loss of small-bodied coral-associated fishes, such as territorial damselfishes Brandl et al. 2016) , which may explain the lower density and biomass of territorial grazers in the Swains compared to the Ribbons. Bottom-up effects that shape habitat complexity and populations of small-bodied fishes likewise drive prey availability to large piscivores (Alvarez-Filip et al. 2011a) , and in Fiji, the loss of habitat complexity and thus prey availability is a more important driver of piscivore assemblages than fishing pressure (Wilson et al. 2008) . Further, the architectural complexity offered by acroporid cover may drive additional ecosystem services such as wave energy and nutrient upcycling, thus further impacting the trophic structure of fish assemblages (Alvarez-Filip et al. 2011b ). In the current study, we did not consider the direct or indirect bottom-up effects of habitat complexity on trophic dynamics, which may partially explain some of the biotic patterns that we found.
Further, although all of the reefs in the present study were on the outer GBR, each reef has a unique set of biophysical and geophysical conditions. For example, nutrient enrichment from seabird colonies or high levels of habitat complexity may have substantial bottom-up effects on coral reef fish populations (Beukers and Jones 1998) . Seabird colonies may be an important contributing factor in the Swains because the designation of no-entry zones (e.g. Frigate Cay Reef, one of our study reefs) was based, at least in part, on important seabird and green and loggerhead sea turtle nesting areas rather than other marine conservation priorities (Heatwole et al. 1996) . In this context, these nutrientenriched reefs in the Swains are not necessarily strategic conservation areas for fishes or corals, which may offer a partial explanation as to why, for instance, no-entry zones in the Ribbons had a significantly higher biomass of apex predators compared to no-entry zones in the Swains. Given the higher magnitude of regional effects in comparison to fishing effects on the GBR, this demonstrates the need to consider the effects of stochastic disturbances and regional differences in biophysical and geophysical conditions (e.g. Taylor 2014; Williams et al. 2015a ) in highly dynamic ecosystems such as coral reefs before attributing differences in fish density and biomass to fishing effects alone. Similar to predator-herbivore interactions, we found no significant cascading trophic links between the density of herbivorous fishes and benthic composition (also see Carassou et al. 2013 ). However, we found some regional differences in benthic composition, with CCA on average five times as abundant in the Ribbons, and rubble and sand on average nearly five times as abundant in the Swains. This regional difference could be due to a variety of environmental and biogeo-physical conditions that were not directly considered (e.g. the positioning of the reefs on the shelf), which indicates that environmental factors play a larger role in shaping benthic trophic structure than the direct effects of fishing.
Aside from environmental factors, aspects intrinsic to coral reef fish communities may mitigate the effects of apex predator declines on lower trophic levels. Omnivory and trophic versatility are common among species that live on coral reefs, and this violates the rationale that underpins linear trophic cascade theory (Thompson et al. 2007 ). Omnivory is highly prevalent in tropical fish assemblages (Choat et al. 2004) , and it may dampen the effects of consumer influence and prevent the progression of linear trophic cascades (Strong 1992) . In a large synthesis assessing the relative strength of trophic cascades across study systems, Borer et al. (2005) highlight the importance of taxonomic distinctness and physiological characteristics in driving trophic cascades. For example, in marine benthic systems, endothermic predators and invertebrate herbivores are most likely to trigger strong trophic cascades. In contrast, on coral reefs, a trophic cascade among different trophic levels of fishes with similar life history traits (i.e. ectothermic vertebrates) is less likely to occur, particularly if the high prevalence of omnivory homogenizes the assemblage. This is further enhanced by trophic versatility, which allows a species to opportunistically feed across several trophic levels, resulting in diffuse predation effects that obscure any prey release when predators are removed (Bellwood et al. 2006 ). For example, P. leopardus is a frequently targeted mesopredator that is nearly absent from unprotected reefs in the Ribbons but abundant on protected reefs in the Swains. This species has a diverse diet, preying on up to forty different taxa, including pelagic and reef fishes, mollusks, and crustaceans (Kingsford 1992 ). In contrast, large predatory labrids such as Cheilinus undulatus are protected from fishing and thus equally common on protected and unprotected reefs across the GBR. Similar to P. leopardus, however, they have been reported to consume a wide range of piscine and invertebrate prey (Randall et al. 1978) . This dilution of interaction strength in predator-prey relationships in both targeted and non-targeted mesopredators likely explains why we were unable to detect a cascading effect across a gradient of targeted predators. In addition, coral reef food webs are open to pelagic environments due to their spatial discontinuity and extensive exchange with pelagic systems. Spatial heterogeneity of coral reefs enhances nutrient and prey subsidies, which may augment predator populations and further intensify the complexity of trophic interactions (Polis et al. 1997) . Thus, trophic versatility, omnivory, and open food webs are all factors that considerably obfuscate linear processes such as trophic cascades, and this may explain their rarity on coral reefs.
In contrast to mesopredators and herbivores on coral reefs, which consist almost exclusively of perciform, teleost fishes, the apex predators in the current study, reef sharks, are both taxonomically and physiologically distinct. Given their biological distinctness and presumptive position at the top of the food chain, it would be reasonable to expect strong repercussions from decreases in shark biomass (Borer et al. 2005) . However, there are two reasons related to the trophic ecology of reef sharks that may prevent strong cascading effects in wake of their declines. First, while reef sharks are notoriously omnivorous (Frisch et al. 2016) , their diets are highly dependent on body size (Wetherbee et al. 1997) . Reef sharks undergo ontogenetic shifts in diet as they reach maturity, which means that juvenile reef sharks may be functionally distinct due to limitations in gape size (Scharf et al. 2000) . Thus, reef shark size structure is highly relevant on coral reefs due to these ontogenetic shifts, and the inclusion of juvenile and adult reef sharks in the same trophic category may disrupt the presumed effects of a predator-driven trophic cascade. Second, based on dietary analyses and size classes, recent studies suggest that reef sharks may be more appropriately categorized as high-level mesopredators rather than apex predators (Heupel et al. 2014; Frisch et al. 2016; Roff et al. 2016 ). This reclassification would further elucidate why an "apex predator"-induced trophic cascade was not detected in the present study.
We provide empirical evidence that a herbivore-centric trophic cascade is not detectable on the outer GBR, at least in the Ribbon and Swains Reefs, despite substantially lower densities of predators in fished management zones (Robbins et al. 2006; Emslie et al. 2015) . There was no evident cascading impact of predatory fishes on herbivorous fishes or of herbivorous fishes on benthic composition. Our results highlight the need to consider regional effects, biophysical factors, and stochastic disturbances (i.e. A. planci outbreaks in the Swains) in complex marine systems such as coral reefs since indirect effects may play a substantial role in shaping coral reef ecosystems. Our findings also call for a reassessment of trophic interactions on coral reefs given the limited top-down impact of apex predators on fish and benthic communities, which would allow us to better gauge the impact of human-mediated disturbances in the marine environment. Trophic interactions on coral reefs are inherently opportunistic, with high degrees of omnivory and trophic versatility, which may undermine linear processes such as trophic cascades. Understanding complex trophic interactions in an ecosystem is essential to pinpoint weaknesses that may underlie ecological theory, such as the predictions embedded in trophic cascade models.
